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1
HIGH-K/METAL GATE TRANSISTOR WITH
L-SHAPED GATE ENCAPSULATION LAYER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of prior U.S. application
Ser. No. 12/551,292, filed Nov. 18, 2009. The entire disclo-
sure of U.S. application Ser. No. 12/551,292 is herein incor-
porated by reference.

FIELD OF THE INVENTION

The present invention generally relates to the field of semi-
conductors, and more particularly relates to high-k dielectric
and metal gate transistors.

BACKGROUND OF THE INVENTION

High dielectric constant (high-K) transistors in conjunction
with metal gates, or “MHK transistors”, are undergoing
active development in the industry. In an MHK transistor, any
extrinsic oxygen that enters the formed high-k gate layer
during subsequent processing changes the electrical proper-
ties of the MHK transistor. One of the more deleterious
impacts of extrinsic oxygen is the lower x interfacial oxide
(8i0x) regrowth underneath the high-« layer. It is critical to
prevent such dielectric regrowth in order to achieve the
desired dielectric thickness and maintain good short channel
control. A conventional MHK transistor, such as the one
disclosed in U.S. Patent Application Publication No. 2004/
033678, uses an [-shaped gate encapsulation layer to protect
the high-k gate layer from such dielectric regrowth. While
this protects the high-k gate layer, one observed problem with
such a transistor is that an I-shaped gate encapsulation layer
often leads to the high-k/metal gate layer being exposed, so as
to leave it open to attack during subsequent wet etching with
the possibility of extrinsic oxygen ingress.

When the metal high-k gate stack is not perfectly vertical
but instead has a sloped profile, the I-shaped gate encapsula-
tion layer does not sufficiently protect the metal layer of the
gate stack. This leaves the metal gate layer exposed and open
to oxygen ingress and attack during subsequent wet etches In
particular, the edge of the metal gate layer is exposed so that
metal is etched out. As a result of the gate being undercut, the
electrical properties of the metal high-k transistor are
changed. Further, in many cases the gate is undercut to such
an extent that the gate stack lifts off and is then re-deposited
elsewhere on the integrated circuit wafer. Thus, the use of an
I-shaped gate encapsulation layer to protect the gate stack
results in poor yield and a process that is not robust.

SUMMARY OF THE INVENTION

One embodiment of the present invention provides a tran-
sistor that includes a silicon layer with a source region and a
drain region, a gate stack disposed on the silicon layer
between the source region and the drain region, an L. shaped
gate encapsulation layer disposed on sidewalls of the gate
stack, and a spacer disposed above the horizontal portion of
the gate encapsulation layer and adjacent to the vertical por-
tion of the gate encapsulation layer. The gate stack has a first
layer of high dielectric constant material, a second layer
comprising a metal or metal alloy, and a third layer compris-
ing silicon or polysilicon. The gate encapsulation layer has a
vertical portion covering the sidewalls of the first, second, and
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third layers of the gate stack and a horizontal portion covering
aportion of the silicon layer that is adjacent to the gate stack.

Another embodiment of the present invention provides a
method for fabricating a transistor. According to the method,
a first layer is formed on a silicon layer, with the first layer
being a high dielectric constant material. A second layer is
formed on the first layer, with the second layer being a metal
or metal alloy. A third layer is formed on the second layer,
with the third layer being silicon or polysilicon. The first,
second, and third layers are etched so as to form first, second,
and third layers of a gate stack, and an encapsulation layer is
deposited. A spacer is deposited above the horizontal portion
of the gate encapsulation layer and adjacent to the vertical
portion of the gate encapsulation layer; and the spacer is
etched so as to form an L. shaped gate encapsulation layer
disposed on sidewalls of the gate stack. The gate encapsula-
tion layer has a vertical portion covering the sidewalls of the
first, second, and third layers of the gate stack and a horizontal
portion covering a portion of the silicon layer that is adjacent
to the gate stack.

Other objects, features, and advantages of the present
invention will become apparent from the following detailed
description. It should be understood, however, that the
detailed description and specific examples, while indicating
preferred embodiments of the present invention, are given by
way of illustration only and various modifications may natu-
rally be performed without deviating from the present inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 to 5 are cross-sectional views of a process for
fabricating a metal high-k transistor with an L-shaped gate
encapsulation layer according to one embodiment of the
present invention; and

FIG. 6 is a cross-sectional view of a metal high-k transistor
with an [-shaped gate encapsulation layer in accordance with
another embodiment of the present invention.

DETAILED DESCRIPTION

FIGS. 1 to 5 illustrate a process for fabricating a metal
high-k transistor with an [.-shaped gate encapsulation layer
according to one embodiment of the present invention. In
these figures an NFET transistor and a PFET transistor are
shown arranged in a side-by-side manner for convenience of
description. However, this is not meant to limit the present
invention. Embodiments of the present invention can be
directed to one or more NFET transistors, one or more PFET
transistors, or a combination of these two types of transistors.

The process of this embodiment begins with a silicon-on-
insulator (SOI) wafer that has a silicon substrate 102, an
overlying oxide layer (“BOX”) 104 (e.g., of 3 um), and an
overlying silicon layer 106. One or more ST regions 110 are
formed in the silicon layer 106. There is deposited a metal
oxide or metal oxynitride dielectric layer whose dielectric
constant (k) is greater than 3.9 to form a high-k dielectric
layer 112 for the gate stack, as shown in FIG. 1. Exemplary
materials for this high-k dielectric layer 112 are HfO,, HfSiO,
HfSiON, HfZrO, TiO,, La,0;, Y,0;, Al,O;, and mixtures
thereof. Preferably, the dielectric constant (k) of the high-k
dielectric layer is between 18 and 40. In one embodiment, a
hafnium dioxide (HfO,) layer with a k value in the range of
about 20-25 (as compared to 3.9 for Si0O,) is deposited with
an exemplary thickness in the range of about 1-3 nm.

A metal layer is then deposited to form a metal layer 114
for the gate stack. Preferably, the metal layer 114 is formed of
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a thermally stable metal, such as TiN, TaN, TaC, TiAIN,
TaAlIN, or their derivatives. In one embodiment, a titanium
nitride layer (TiN) is deposited with an exemplary thickness
of about 1-10 nm, and preferably about 2-5 nm. The high-k
dielectric layer 112 and metal layer 114 together form the (as
yet unpatterned) MHK gate stack. This initial structure rep-
resents a conventional SOI CMOS with an MHK gate stack.
In an alternative embodiment, a bulk silicon wafer is used in
place of the SOI wafer.

FIG. 2 shows the structure after the deposition of an amor-
phous silicon (or polysilicon) layer 216 having an exemplary
thickness in the range of about 20-100 nm, and the subsequent
deposition and patterning of a photoresist layer 220. The
photoresist 220 is left where a device gate stack is desired to
be formed. Inalternative embodiments, layer 216 is formed of
a conducting metal such as tungsten or aluminum.

FIG. 3, which is a partial view that does not include the
silicon substrate 102 and oxide layer 104 for simplicity,
shows the result after a gate stack etch and subsequent
removal of the photoresist 220. In this embodiment, the gate
stack etch is performed in one step: a single etch that stops on
the silicon layer 106. In an alternative embodiment, the gate
stack is etched in two steps: a first etch of the metal layer 114
that stops at the high-k layer 112, and a second etch of the
high-k layer 112 that stops at the silicon layer 106.

The resulting gate stack is formed by the high-k layer 112,
the metal layer 114, and the silicon layer 216. In the gate stack
of this embodiment, a lateral extent (width) of the high-k
layer 112 is the same as a lateral extent (width) of the metal
and silicon layers 114 and 216.

After the gate stack etch, nitride (e.g., SiN) is deposited to
form a nitride layer 218, as shown in FIG. 4. This deposition
is performed using a conformal deposition process so that the
vertical portion of the nitride layer located on the side of the
gate stack is substantially the same thickness as the horizontal
portion of the nitride layer located on top of the silicon layer
106. Preferably, the nitride layer 218 is deposited using an
extremely conformal deposition process so that the vertical
portion of the nitride layer is the same thickness as the hori-
zontal portion of the nitride layer. Exemplary deposition pro-
cesses used in embodiments of the present invention include
molecular layer deposition (MLD), atomic layer deposition
(ALD), low-pressure chemical vapor deposition (LPCVD),
and rapid thermal chemical vapor deposition (RTCVD).

Thus, the nitride layer 218 covers the exposed surfaces of
the high-k layer 112, the metal layer 114, and the silicon layer
216 of the gate stack, and the silicon layer 106. In this
embodiment, the nitride layer 218 is formed with an exem-
plary thickness in the range of about 10-20 nm. In another
embodiment, the nitride layer 218 has an exemplary thickness
of about 6-15 nm.

In one embodiment, oxide films are deposited (for
example, by PECVD) and spacers 824 are then formed by
reactive ion etching (RIE) so as to be above the horizontal
portion of the gate encapsulation layer 218 and adjacent to the
vertical portion of the gate encapsulation layer 218. In other
words, each oxide spacer 824 extends from the vertical por-
tion of its corresponding gate encapsulation layer 218 to the
end of the horizontal portion of that gate encapsulation layer
218. The oxide spacers 824 of this embodiment have an
exemplary thickness of about 2-10 nm. The RIE process for
forming oxide spacers is used to form an L-shaped gate
encapsulation layer 222, as shown in FIG. 5. The L-shaped
gate encapsulation layer 222 has a vertical portion that
remains on the sidewalls of the gate stack and a horizontal
portion that remains on portions of the silicon layer 106 that
are adjacent to the gate stack. This nitride gate encapsulation
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layer acts as an oxygen diffusion barrier and protects the
metal gate layer from etching during subsequent processing.

The remainder of the fabrication process is a conventional
CMOS fabrication process. In particular, extension implants
720 are alternately performed on the NFET and PFET tran-
sistors. In particular, photolithography is used to selectively
define the areas for the source/drain extension implants for
the NFET and PFET, and ions are implanted. The extension
implant is performed using an n-type species for the NFET,
and using a p-type species for the PFET.

The final spacer for the source/drain implant can be formed
of'an oxide or anitride. The source/drain implant is performed
using a p-type species for the NFET (for example, As or P),
and using an n-type species for the PFET (for example, B or
BF,). A subsequent rapid thermal anneal (RTA) is performed
(e.g., millisecond laser anneal or flash anneal) to provide
relatively deep diffusions for the source and drain regions.
Subsequent conventional processing is used to silicide the
gates, sources, and drains (typically with Ni or Co) to com-
plete the NFET and PFET transistors.

FIG. 6 shows a metal high-k transistor with an [.-shaped
gate encapsulation layer in accordance with another embodi-
ment of the present invention. In this embodiment, nitride
spacers are used in place of the oxide spacers following
formation of the gate encapsulation layer. More specifically,
after the deposition of the nitride layer 218, an oxide (e.g.,
Si0,) is deposited (for example, by PECVD) to form an oxide
layer 826. In this embodiment, the nitride layer 218 is formed
with an exemplary thickness in the range of about 5-20 nm.
Nitride films are deposited (for example, by PECVD) and
spacers 828 are then formed by RIE so as to be above the
horizontal portion of the oxide layer 826 and adjacent to the
vertical portion of the oxide layer 826. The nitride spacers 824
of this embodiment have an exemplary thickness of about
2-10nm. Thus, in this embodiment, the [.-shaped gate encap-
sulation layer 222 has a vertical portion that remains on the
sidewalls of the gate stack and a horizontal portion that
remains portions of the silicon layer 106 that are adjacent to
the gate stack. An oxide layer 826 is provided between the
gate encapsulation layer 222 and the nitride spacer 828 and
acts as an etch stop layer and enables L.-shaped encapsulation.
Each nitride spacer 828 extends from the vertical portion of
the corresponding oxide layer 826 to the end of the horizontal
portion of that oxide layer 826, which is also the end of the
horizontal portion of the underlying gate encapsulation layer
222. The remainder of the fabrication process is the same as in
the embodiment described above.

Accordingly, embodiments of the present invention pro-
vide a MHK transistor having an [L.-shaped gate encapsulation
layer. The L-shaped gate encapsulation layer prevents extrin-
sic oxygen from entering the high-k gate layer. Additionally,
the L-shaped gate encapsulation layer prevents the metal gate
layer from being attacked during etching when the gate stack
is not perfectly vertical. In particular, the horizontal portion of
the L-shaped gate encapsulation layer ensures that the edge of
the metal gate layer is covered during etching. As a result, the
gate is not undercut when the gate stack has a sloped profile.
Thus, the electrical properties of the metal high-k transistor
are not changed, while the process is more robust and a higher
yield is obtained.

The embodiments of the present invention described above
are meant to be illustrative of the principles of the present
invention. These MHK device fabrication processes are com-
patible with CMOS semiconductor fabrication methodology,
and thus various modifications and adaptations can be made
by one of ordinary skill in the art. All such modifications still
fall within the scope of the present invention.
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For example, further embodiments can use other compat-
ible materials for the high-k layer, such as HfSiO, HfSiON,
HfZrO, TiO,, La,0;,Y,0;, Al,O;, and mixtures thereof. The
metal-containing layer 114 could also be formed of another
material, such as one or more of TiN, TaN, TaC, TiAIN,
TaAlN, or their derivatives. Additionally, in further embodi-
ments the silicon layer 216 described above can be comprised
of another material that is able to be etched, remain conduc-
tive, and withstand high temperatures. Further, in some
embodiments, a silicon germanium layer is deposited over
silicon layer 106 for the PFET only. In one embodiment, this
silicon germanium layer has a thickness of about 5-10nm and
is about 20%-40% germanium. Likewise, while the illus-
trated embodiment described above relates to transistors on
an SOI wafer, the transistors and fabrication methods of the
present invention are also applicable to bulk technologies.
Also, the various layer thicknesses, material types, deposition
techniques, and the like discussed above are not meant to be
limiting.

Furthermore, some of the features of the examples of the
present invention may be used to advantage without the cor-
responding use of other features. As such, the foregoing
description should be considered as merely illustrative of the
principles, teachings, examples and exemplary embodiments
of the present invention, and not in limitation thereof.

It should be understood that these embodiments are only
examples of the many advantageous uses of the innovative
teachings herein. In general, statements made in the specifi-
cation of the present application do not necessarily limit any
of the various claimed inventions. Moreover, some state-
ments may apply to some inventive features but not to others.
In general, unless otherwise indicated, singular elements may
be in the plural and vice versa with no loss of generality.

The circuit as described above is part of the design for an
integrated circuit chip. The chip design is created in a graphi-
cal computer programming language, and stored in a com-
puter storage medium (such as a disk, tape, physical hard
drive, or virtual hard drive such as in a storage access net-
work). If the designer does not fabricate chips or the photo-
lithographic masks used to fabricate chips, the designer trans-
mits the resulting design by physical means (e.g., by
providing a copy of the storage medium storing the design) or
electronically (e.g., through the Internet) to such entities,
directly or indirectly. The stored design is then converted into
the appropriate format (e.g., GDSII) for the fabrication of
photolithographic masks, which typically include multiple
copies of the chip design in question that are to be formed on
a wafer. The photolithographic masks are utilized to define
areas of the wafer (and/or the layers thereon) to be etched or
otherwise processed.

The method as described above is used in the fabrication of
integrated circuit chips. The resulting integrated circuit chips
can be distributed by the fabricator in raw wafer form (that is,
as a single wafer that has multiple unpackaged chips), as a
bare chip, or in a packaged form. In the latter case, the chip is
mounted in a single chip package (such as a plastic carrier,
with leads that are affixed to a motherboard or other higher
level carrier) or in a multichip package (such as a ceramic
carrier that has either or both surface interconnections or
buried interconnections). In any case, the chip is then inte-
grated with other chips, discrete circuit elements, and/or other
signal processing devices as part of either (a) an intermediate
product, such as a motherboard, or (b) an end product. The
end product can be any product that includes integrated cir-
cuit chips, ranging from toys and other low-end applications
to advanced computer products having a display, a keyboard,
or other input device, and a central processor.
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What is claimed is:

1. A transistor comprising:

a silicon layer including a source region and a drain region;

a gate stack disposed on the silicon layer between the
source region and the drain region, the gate stack com-
prising a first layer of high dielectric constant material, a
second layer comprising a metal or metal alloy, and a
third layer comprising silicon or polysilicon;

an L-shaped gate encapsulation layer disposed on side-
walls of the gate stack, the gate encapsulation layer
comprising a vertical portion covering the sidewalls of
the first, second, and third layers of the gate stack and a
horizontal portion covering a portion of the silicon layer
that is adjacent to the gate stack;

an L-shaped spacer layer comprising a vertical portion
covering sidewalls of the wvertical portion of the
L-shaped gate encapsulation layer, and a horizontal por-
tion covering the horizontal portion of the [.-shaped gate
encapsulation layer, where the L-shaped er is formed
with a thickness that is less than a thickness of the
L-shaped gate encapsulation layer;

a spacer disposed above and on the horizontal portion of
the L-shaped spacer layer and adjacent to and in contact
with the vertical portion of the L-shaped spacer layer,
wherein the L-shaped gate encapsulation layer, the
L-shaped spacer layer, and the spacer are formed with a
combined width that is greater than a width of the gate
stack; and

source/drain extensions in the silicon layer, the source/
drain extensions not underlying the first layer of the gate
stack, the source/drain extensions underlying and
extending beyond part but not all of the vertical portion
of the gate encapsulation layer, and the source and drain
regions not underlying the first layer of the gate stack.

2. The transistor of claim 1, wherein the gate encapsulation
layer comprises nitride.

3. The transistor of claim 2, wherein the spacer consists of
a single oxide nitride layer.

4. The transistor of claim 2, wherein the L-shaped spacer
layer comprises an oxide material and the spacer comprises a
nitride material.

5. The transistor of claim 2, wherein a thickness of the gate
encapsulation layer is less than a thickness of the first layer of
the gate stack.

6. The transistor of claim 2, wherein a thickness of the
vertical portion of the gate encapsulation layer is substan-
tially equal to a thickness of the horizontal portion of the gate
encapsulation layer.

7. The transistor of claim 2,

wherein the first layer of the gate stack comprises at least
one of HfO,, HfSiO, HfSiON, HfZrO, TiO,, La,0;,
Y,0;, and Al,0;, and

the second layer of the gate stack comprises at least one of
TiN, TaN, TaC, TiAIN, and TaAIN.

8. The transistor of claim 1, wherein a distance between the
source/drain extensions is greater than a lateral extent of the
first layer of the gate stack.

9. The transistor of claim 1,

wherein

each of the source/drain extensions underlies part but not
all of the spacer.

10. The transistor of claim 9, wherein the source and drain
regions underlie part but not all of the single layer of the
spacer.

11. The transistor of claim 1, wherein the third layer of the
gate stack consists of amorphous silicon.



US 9,252,018 B2

7

12. The transistor of claim 11, further comprising a layer of
silicon germanium located on the silicon layer.

13. The transistor of claim 1, further comprising a layer of
silicon germanium located between the silicon layer and the
first layer of the gate stack.

14. The transistor of claim 1, wherein the horizontal por-
tion of the L-shaped gate encapsulation layer directly con-
tacts the silicon layer.

15. A transistor comprising:

asilicon layer including a source region and a drain region;

a gate stack disposed on the silicon layer between the

source region and the drain region, the gate stack com-
prising a first layer of high dielectric constant material, a
second layer disposed on and in contact with the first
layer, and a third layer disposed on and in contact with
the second layer, the second layer comprising one or
more of TaN, TaC, TiAIN, TaAIN, and the third layer
comprising aluminum and being separate from the sec-
ond layer;

an L-shaped gate encapsulation layer disposed on side-

walls of the gate stack, the gate encapsulation layer
comprising a vertical portion covering the sidewalls of
the first, second, and third layers of the gate stack and a
horizontal portion covering a portion of the silicon layer
that is adjacent to the gate stack;

an L-shaped spacer layer comprising a vertical portion

covering sidewalls of the vertical portion of the
L-shaped a horizontal portion covering the horizontal
portion of the L-shaped encapsulation layer, where the
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L-shaped r layer is formed with a thickness that is less
than a thickness of the L-shaped gate encapsulation
layer; and

a spacer disposed above and on the horizontal portion of

the L-shaped spacer layer and adjacent to and in contact
with the vertical portion of the L-shaped spacer layer,
wherein the L-shaped gate encapsulation layer, the
L-shaped spacer layer, and the spacer are formed with a
combined width that is greater than a width of the gate
stack.

16. The transistor of claim 15, wherein the third layer
consists of aluminum.

17. The transistor of claim 15, further comprising a layer of
silicon germanium located between the silicon layer and the
first layer of the gate stack.

18. The transistor of claim 15, further comprising source/
drain extensions in the silicon layer, the source/drain exten-
sions not underlying the first layer of the gate stack, the
source/drain extensions underlying part but not all of the
vertical portion of the gate encapsulation layer, and the source
and drain regions not underlying the first layer of the gate
stack.

19. The transistor of claim 18, wherein a distance between
the source/drain extensions is greater than a lateral extent of
the first layer of the gate stack.

20. The transistor of claim 15,

wherein

the source and drain regions underlie part but not all of the

spacer.



